Caveolae are invaginated plasma membrane domains involved in mechanosensing, signaling, endocytosis, and membrane homeostasis. Oligomers of membrane-embedded caveolins and peripherally attached cavins form the caveolar coat whose structure has remained elusive. Here, purified Cavin1 60S complexes were analyzed structurally in solution and after liposome reconstitution by electron cryotomography. Cavin1 adopted a flexible, net-like protein mesh able to form polyhedral lattices on phosphatidylserine-containing vesicles. Mutating the two coiled-coil domains in Cavin1 revealed that they mediate distinct assembly steps during 60S complex formation. The organization of the cavin coat corresponded to a polyhedral nano-net held together by coiled-coil segments. Positive residues around the C-terminal coiled-coil domain were required for membrane binding. Purified caveolin 8S oligomers assumed discshaped arrangements of sizes that are consistent with the discs occupying the faces in the caveolar polyhedra. Polygonal caveolar membrane profiles were revealed in tomograms of native caveolae inside cells. We propose a model with a regular dodecahedron as structural basis for the caveolae architecture.
C aveolae are protein-coated invaginations 50-80 nm in diameter that are present in the plasma membrane of many cell types (1, 2) . In contrast to the polygonal and symmetrical clathrin, coat protein 1 (COPI), and coat protein 2 (COPII) coats, which have been studied in detail and solved to nearly atomic resolution (3) (4) (5) , the architecture of the caveolar coat has remained unknown. The caveolar coat differs remarkably from clathrin and COP coats in being stable and long-lived without undergoing rounds of assembly and disassembly, even during vesicular transport (6) (7) (8) . The membrane-embedded caveolins and the peripherally attached cavins are essential coat components. Each caveolar coat contains a defined number of both of these proteins that do not exchange with a free protein pool (9) (10) (11) . Caveolins and cavins each form multimeric, independent assemblies with sedimentation coefficients of 70S and 60S, respectively (6, 12, 13) .
Caveolins assemble into an integral membrane scaffold that contains an average of 144 caveolin molecules and defines the caveolar membrane domain (6, 8) . The higher-order complex is assembled via lateral association of 8S caveolin oligomers in the course of their biosynthetic transit through the secretory pathway and requires the presence of cholesterol (6, 8, 14, 15) . When the nascent caveolin scaffold has been delivered to the plasma membrane, cavins associate (6, 9, 13) . Their role is to stabilize the caveolar domain and to promote the formation of the invaginated shape (16) .
Cavins occur in homogenous 60S oligomers containing ∼50-60 cavin molecules (6, 17) . It is likely that each caveolar coat consists of one of these complexes. Although the assembly of the 60S complex can occur independently of caveolin or caveolae, total internal reflection fluorescence (TIRF) microscopy has shown gradual attachment of cavins to nascent caveolae in the plasma membrane (6) . In mammalian cells there are four cavin isoforms (Cavin1-4). Cavin1 is ubiquitously expressed and is essential for the formation and stability of caveolae. Cavin2 and 3 have roles in regulating caveolar morphology and trafficking, respectively (9, (18) (19) (20) . Cavin4 is a muscle-specific isoform (13) . Cavin1 is the most abundant protein in the cavin coat and is sufficient for its assembly. Cavin2 and Cavin3 require Cavin1 as a bridging factor for interaction and for recruitment to caveolae (10, 17, 20, 21) . Thus, Cavin1 is the key structural component of the cavin coat.
Cavin1 is predicted to have two coiled-coil domains (10, 21) . The crystal structure of the domain close to the N terminus (residues 45-155) exhibits a trimeric coiled-coil composed of parallel alpha helices. This coiled-coil mediates Cavin1 self-assembly in solution and association with phosphoinositides (21) . A trimer formed by Cavin1 has been suggested to be the building block of the cavin coat (10) . The second coiled-coil domain is close to the C terminus. It is α-helical and promotes higher-order assembly (21) . Sequences outside the predicted coiled-coil regions are predicted to be disordered.
Cavin1 shows little or no direct interaction with caveolin (9, 20, 22) . Although a protein complex containing caveolin and cavins can be isolated after chemical cross-linking before cellular
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The surface of mammalian cells contains abundant plasma membrane invaginations termed "caveolae." Caveolae are important for various cellular functions, e.g. signaling, membrane regulation, and vesicular trafficking. Assembly and stability of caveolae depends on a protein coat formed by complexes of cavin and caveolin proteins whose structure has remained elusive. To understand the architecture of caveolae, we structurally analyzed cavin and caveolin complexes and visualized caveolae in cells by electron cryomicroscopy. A regular polyhedron emerged as the most likely architectural principle of caveolae. Polyhedra provide the underlying principle in many biological structures in which spherical curvature is imposed by proteins. We suggest a model for the caveolar coat architecture based on regularly arranged, net-like cavin assemblies and discshaped caveolin oligomers.
lysis (10) , it is likely that cavins associate with caveolae mainly via binding to membrane lipid head groups. Several lipid species (e.g., cholesterol, glycosphingolipids, and phosphatidylserine) are specifically enriched in caveolae and likely are immobilized through their interaction with caveolar proteins (23) (24) (25) . Phosphatidylserine has been shown to interact with all cavin isoforms in vitro (9, 26, 27) .
Even though the essential caveolar coat determinants, their stoichiometry, and oligomeric state in caveolae are known, a consensus regarding the structure of the caveolar coat is lacking. In EM images of heavy metal-shadowed, rapid-freeze, deep-etch membrane preparations, caveolae appear to bear a striated coat on their cytoplasmic surface. This coat consists of ridges that form meridian or spiral patterns (28, 29) . Cellular electron tomography of fixed and stained plastic sections shows a sparse coat of cytoplasmic spikes and intramembrane densities (30) . Immuno-EM and a tag-based staining method indicate that caveolins and cavins are distributed uniformly around the caveolar bulb, whereas EHD2, an ATPase that confines caveolae to the plasma membrane, localizes to the neck (Fig. 1A) (10) .
Here we used electron cryomicroscopy (cryoEM)/cryotomography (cryoET) to investigate the structure and assembly of the two major coat components, caveolin and cavin. First, we examined the peripheral coat formed by cavins and purified the intact 60S Cavin1 complex. When analyzing its structure in solution and after reconstitution with liposomes, we detected a flexible, net-like protein mesh capable of forming a polyhedral lattice on phosphatidylserine-containing vesicles of caveolar size. Mutant Cavin1 forms with deletions in the two coiled-coil domains yielded insights into assembly intermediates. Analysis of purified Caveolin-1 (CAV1) 8S complexes showed that they assume round, disc-shaped oligomers that fit and may occupy the faces of a polyhedral protein net formed by Cavin1. Finally, we analyzed native caveolae in situ in plunge-frozen cells by cryoET and found a closely appressed protein coat with striking polygonal profiles in slices through the caveolar bulb. Combining our data and previously published studies, we put forward a reconciling model for the overall architecture of caveolae that has a regular dodecahedron as its structural basis.
Results
The Cavin1 60S Complex Has a Filamentous Net-Like Structure. To characterize the 60S complexes formed by cavins in cells, we developed a mammalian expression system using a Tet-inducible HEK293-FlpIn cell line expressing full-length mouse Cavin1 with an N-terminal Strep-and HA-tag. The complexes were purified using Strep-Tactin affinity chromatography after detergent solubilization (Materials and Methods). The mild, single-step purification protocol yielded an essentially pure preparation of Cavin1 as judged by Coomassie blue staining (Fig. 1B) . When subjected to sucrose velocity gradient centrifugation in the absence of detergent, the purified Cavin1 sedimented as a sharp 60S peak (Fig. 1C) . Mass spectrometry and Western blot analysis did not detect the presence of CAV1, Cavin2, or Cavin3 (Materials and Methods and Fig. 1B) . It is noteworthy that, although Cavin1 and Cavin2 could be expressed in Escherichia coli, no 60S complexes were formed.
Small-angle X-ray scattering (SAXS) showed that the purified Cavin1 preparation was free of aggregates ( Fig. 1 D and E and Fig. S1 ). Fitting of the linear Guinier plot yielded a radius of gyration of 16.0 (± 0.6) nm. Estimates of the mass indicated a 2.3-MDa complex, suggesting an average of ∼52 Cavin1 monomers per complex. Kratky plots assessing the level of intrinsic flexibility revealed significant deviation from the classic bellshaped curve displayed by globular proteins (Fig. 1D ). This deviation suggested the presence of both structured and intrinsically disordered regions. Similarly, analysis of the pair-distance distribution function suggested a rather extended molecule with a maximal intramolecular distance of about 60 nm (Fig. 1E) .
CryoEM projection images of 60S complexes showed filamentous assemblies with a mean diameter of 50 ± 10 nm (n = 30), in agreement with the values obtained by SAXS (Fig. 1 F and G) . Although heterogeneous, the complexes shared a net-like appearance. They displayed a denser center and flexible filaments, ∼2-3 nm in diameter and varying in length, that extended outwards (Fig. 1G, black arrowheads) . In the central domains we often observed several ring-shaped and polygonal profiles that were 6-8 nm in diameter (Fig. 1G, white arrowheads) .
CryoET of the complexes revealed that, rather than being flat, they were three-dimensional with thicknesses >30 nm ( Fig. 1 H  and I) . Analysis of tomograms showed that the complexes' building blocks were interconnected filaments 2-3 nm thick and with interfilament spacing ranging from 5-11 nm ( Fig. 1 H and I) . Because of the thin nature of the filaments and the consequently limited signal-to-noise ratio in cryoET, we could not resolve the polygonal structures comprehensively in 3D. Taken together, soluble Cavin1 60S complexes resembled flexible, filamentous, net-like structures with polygonal or ring-shaped meshes. How do Cavin1 complexes arrange themselves to form a protein coat on membranes? To answer this question, we incubated purified 60S complexes with 80-nm liposomes. Using flotation in sucrose density gradients, buoyant liposome-bound complexes were separated from the unbound complexes ( Fig. 2A) .
Cavin1 complexes did not associate with liposomes composed of phosphatidylcholine (DOPC):phosphatidylethanolamine (DOPE):cholesterol; they remained in the bottom fraction of the gradient (Fig. 2B) . Because Cavin1 is a phosphatidylserine (PS)-binding protein (9), we included 5 or 25 mol% PS in the DOPC: DOPE:cholesterol liposomes. With 5 mol% PS, half of the Cavin1 floated and formed a peak in fractions 3-5 corresponding to a sucrose density of 1.03-1.05 g/cm 3 . With 25 mol%, all the Cavin1 floated, and a second peak of lower density was observed in fractions 1 and 2 ( Fig. 2B) .
PS is an abundant, negatively charged phospholipid found enriched in caveolae (24, 25) . To test whether the Cavin1 60S complex has a specific affinity for this phospholipid, as opposed to a general affinity for negatively charged membrane surfaces, we replaced PS with phosphatidic acid (PA) at 25 mol%. Strikingly, all Cavin1 proteins bound to PA liposomes and floated to the top of the gradient, indicating that Cavin1 interaction with lipids was mediated by electrostatic interactions with charged lipid head groups (Fig. 2B) . However, the flotation pattern was different: Cavin1 was detected only in the top fractions 1-3. The denser vesicles in fractions 4-5 were not present.
First, we analyzed the mixture of 25 mol% PS liposomes and Cavin1 before flotation by cryoEM. Projection images showed Cavin1 60S complexes loosely attached to the liposome surfaces (Fig. 2C) . The multifilamentous complexes appeared as the 60S complexes seen in solution (Fig. 1 F and G) .
Next, we analyzed the population of liposomes found in fractions 1 and 2 and in fractions 4 and 5 after sucrose density gradient centrifugation. Vesicles in fractions 4 and 5 were more homogenous and smaller than liposomes detected in fractions 1 and 2 or preflotation (Fig. S2 B-G) . Notably, proteoliposomes in fractions 4 and 5 appeared electron dense, i.e., protein-rich ( Fig. 2D and CryoET analysis revealed that the Cavin1 proteoliposomes were not empty but seemed to contain densities on the inside of liposomes ( Fig. 2 E and F) . A dense meshwork of filamentous protein was detected in all slices through the vesicles (Movies S1 and S2). To confirm that this observation was not caused by the remaining sucrose affecting the detection of cavin on the outside of the membrane, we performed the flotation assay with Nycodenz density medium instead of sucrose. This test also resulted in naked membranes on the outside of the liposomes ( Fig. 2D and Fig. S3 ). Although the occurrence of cavin densities on the inside was puzzling at first, frequent observation of inward-folding intermediates of PS-containing liposomes may explain the mode of access to the liposome inside ( Fig. S2E and Fig. S3 ).
Strikingly, in top and bottom tomogram slices through proteoliposomes we occasionally observed patches of planar polygonal protein lattices on the inner face of the membrane ( Fig. 2E and Movie S1). Individual pentagonal and hexagonal polygons were ∼10-12 nm in diameter with edge lengths of ∼6-7 nm. Such regular polygonal arrangements were not found independent of membranes. Additionally, in several cases we detected that the 60S cavin complex induced membrane deformation leading to liposomes with an angular shape consistent with the properties of a polyhedron ( Fig. 2F and Movie S2).
Taken together, these observations show that Cavin1 60S complexes could associate with PS-containing liposomes to generate proteoliposomes. Although it was not possible to reveal the molecular details of the full coat architecture of the proteins on the membrane, it was evident that the organization was consistent with the formation of polyhedral structures. The lattice observed in selected tomogram slices resembled a regular polyhedron, e.g., a dodecahedron or a truncated icosahedron. To reveal how homo-oligomerization of Cavin1 could lead to a polyhedral net-like complex, we constructed deletion mutants in the two Cavin1 coiled-coil regions (cc1 and cc2), i.e., Δcc1 (with amino acids 59-92 deleted) and Δcc2 (with amino acids 240-284 deleted) that lacked coiled-coil region 1 and coiled-coil region 2, respectively ( Fig. 3 A and C). The design was based on secondary structure prediction for the mouse/human Cavin1 sequence (Fig.  3A) . Residues 50-95 of cc1 exhibited a high likelihood for a trimeric arrangement, consistent with recent data indicating that peptides enclosing this domain can form parallel trimers when expressed in bacteria (21) . Domain cc2 showed a lower probability for coiled-coil conformation with no predicted preference for trimers vs. dimers (Fig. 3A) . Interestingly, the sequence predictions indicated that both Cavin2 and Cavin3 contain cc1 but lack the predicted cc2 domain (Fig. 3B) .
We expressed the Cavin1 deletion mutants in HeLa cells and tested their assembly status by sucrose velocity gradient centrifugation (Fig. 3D) . Whereas full-length Cavin1 was present as 60S complexes, Δcc1 remained in the top fractions 1-3 with a sedimentation coefficient less than 6S corresponding to a mass below 150 kDa (Fig. 3D) . However, Δcc2 assembled into larger complexes peaking in fractions 4 and 5 (corresponding to about 25S). Whereas both of the coiled-coil regions were thus needed for the formation of the native 60S complex, the mutant lacking cc2 was capable of partial assembly.
Instead of colocalizing with endogenous CAV1 in plasma membrane puncta like the full-length Cavin1, both Δcc1 and Δcc2 failed to associate efficiently with caveolae in HeLa cells (Fig. 3 E and F) . In addition to being diffusely distributed in the cytosol, Δcc1 was enriched in the nucleus. Δcc2 was distributed throughout the cytosol with weak staining in a few CAV1-containing spots. We noticed that the number of CAV1-positive puncta decreased in cells expressing Δcc1 or Δcc2, and the total plasma membrane signal of CAV1 was reduced by 40% and 25%, respectively (Fig. 3G) , consistent with the established role of Cavin1 as a stabilizer of caveolae.
Cavin1 Δcc2 purified from HEK293 cells (Fig. 4 A and B) was analyzed by EM after negative staining (Fig. 4C) . The Δcc2 complexes were detected as filamentous particles of similar overall size. The common features included the presence of rather uniform filaments about 3 nm wide and 17 ± 2 nm long (n = 30). The filaments often had slight curvature, and many showed one or more thinner branches (Fig. 4C, arrowheads) .
We could not determine the mass of the complexes because concentrating Δcc2 caused aggregation. However, the dimensions of the filamentous part of the complexes were consistent with those of the crystal structure of the trimeric coiled-coil region of cc1 (21), reported to be 16 nm long and 2.5 nm wide. Therefore the flexible branches likely represent the N-terminal sequences (amino acids 1-50) and the C-terminal domains devoid of the cc2, both predicted to be unfolded. The results demonstrated that both coiled-coil domains were required for 60S complex formation. However, their respective roles were different. The results were consistent with the observations of Kovtun et al. (21) , who found that cc1 is responsible for the trimerization of Cavin1 fragments in vitro and cc2 for the formation of higher-order oligomers.
Δcc2 Binds to and Tubulates Liposomes. The purified Δcc2 mutant protein bound efficiently to PS-containing liposomes. Upon density ultracentrifugation, most of the cc2 mutant protein floated with the liposomes to the top of the gradient (Fig. 4D) . We imaged the Δcc2-lipid complexes by cryoEM and cryoET and observed protein-coated liposomes of variable shapes and Images were recorded at 120 keV (C) and 300 keV (E, F, and H) with a final calibrated pixel size of 9 Å (C) or 5 Å (E, F, and H) at defoci of −0.75 to −2 μm (C) and −3.5 to −6 μm (E, F, and H).
sizes (Fig. 4 E-H and Fig. S4 ). Liposome sizes were much larger than observed for wild-type Cavin1. They typically were elongated, tubular, and narrower than control liposomes that only occasionally had a tubular shape (Fig. 4F ), suggesting that Δcc2 had membrane-remodeling activity (Fig. 4 E-H) .
In 2D projection images (Fig. 4E ) and tomogram slices (Fig.  4H) , we observed a tight association of Δcc2 with the membrane forming a 3-to 4-nm thick, uneven protein coat. In some cases, protein extended up to 6 nm from the membrane. Because the cc1 trimeric coiled-coil is 16 nm long, it was likely that Δcc2 filaments were closely associated and arranged parallel to the membrane (Fig. S4) .
Δcc2 mutant protein binding to PS liposomes was unexpected because the deleted cc2 domain contained a sequence with highly basic and positively charged amino acids thought to mediate electrostatic interaction with PS (21, 27) . However, we noticed an abundance of double arginine-lysine clusters on either side of the cc2 sequence. We therefore expanded the deletion by an additional 16 and 17 amino acids toward the N and C termini, respectively (Fig. 4A) . We expressed and purified this mutant protein (in which amino acids 224-300 were deleted) and termed it "Δcc2L." Although negative staining showed Δcc2L to be similar in shape to the Δcc2 mutant (Fig. 4C) , Δcc2L failed to associate with liposomes and stayed at the bottom of the flotation gradient (Fig.  4D) , indicating that the positively charged sequences surrounding the borders of the predicted cc2 are required for the binding of Cavin1 complexes to PS-containing liposomes.
CAV1 8S Oligomers Are Round Protein Discs. How would oligomers of the integral membrane protein caveolin form a single caveola together with the filamentous, net-like cavin coat? To answer this question, we isolated and analyzed CAV1 oligomers. Two major oligomeric species of CAV1 can be detected after cell solubilization: (i) an intermediate-size 8S complex consisting of 7-14 CAV1 monomers and (ii) a large 70S complex composed of 8S CAV1 subunits, which corresponds to the mature caveolar scaffold (Fig. 5A) (6) . In addition to CAV1 8S building blocks, it is likely that the 70S complex contains lipids and/or detergent molecules because cholesterol and the choice of detergent are critical for preserving the large complex (6). We could obtain total cellular CAV1 as 8S complexes when lysis was performed with 1.75% octyl glucoside instead of 0.5% Triton X-100 (Fig.  5B) . To purify the 8S CAV1 building block, we created a Tetinducible HEK293-FlpIn cell line expressing full-length CAV1 with an N-terminal Strep-Tag. Epitope-tagged CAV1 copurified together with endogenous CAV1, indicating its incorporation into CAV1 oligomers (Fig. 5C ). We subjected purified CAV1 to gradient centrifugation and found that all CAV1 sedimented as a sharp 8S peak, as expected (Fig. 5C ). Aliquots of fractions 3 and 4 were negatively stained and analyzed by EM. CAV1 oligomers were observed as homogenous, well-separated particles (Fig. 5 D  and E) . Most particles displayed a circular shape; some particles showed a more elongated appearance (Fig. 5E ), potentially presenting tilted or side views of the complex. The diameter of the circular CAV1 particles agreed with the maximum length of the more elongated particles, the latter having a minimal thickness of ∼4-5 nm. Hence, the two distinct views were consistent with being top and side views of flat discs. We next performed unbiased reference-free 2D class averaging of the CAV1 particles. Calculations were performed using 4, 8, or 12 as the parameter for the output number of classes; best results were obtained for eight classes as judged by small number of class outliers, i.e., <3% of particles per class. Averaged classes (Fig.  5E , Bottom Row) were similar in shape overall and showed circular particles with a diameter between 11.7 nm (class 5) and 17 nm (class 1). There were fewer side views than disc-shaped top views of the complexes, and the side views did not appear as a separate and well-defined 2D class (classes 6 and 7 are representative), likely because of the variation in the disc angle to the carbon support.
Considering the 2D averages and the projection images together, we could conclude that CAV1 8S oligomers resembled protein discs with a width of 15-17 nm and a thickness of 5 nm. Our results were strikingly consistent with recent findings regarding the structure of oligomers formed by Caveolin-3, the muscle-specific caveolin family member (31).
CryoET of Native Caveolae Reveals Polygonal Membrane Profiles. To characterize caveolae in a native, hydrated state, we performed cryoET on vitrified mammalian human fibroblasts. Tomograms were recorded in areas densely packed with caveolae often found in proximity to stress fibers (Fig. 6A, Fig. S5 A-C and Movie S3). Caveolae at the plasma membrane were identified according to their size, morphology, and structural similarity to proximal characteristic clusters of caveolae protruding into the cytoplasm (30, 32) . The diameter of individual caveolae (61 nm ± 5.6 nm, n = 41) was consistent with published measurements (30) . A thin, closely appressed membrane coat, rather than a prominent extending one, was found on the cytosolic face of the caveolar bulb (Fig. S5D) . In tomogram slices oriented through central parts of the caveolar bulb we detected membranes with striking polygonal profiles (Fig. 6 B and C) . The angular membranes had five or six planar surfaces with an edge length of 30-40 nm (Fig. S5E) and an internal angle of 118.1 ± 9.9°(n = 108). Clear polygonal membrane profiles were detected in tomogram slices through all caveolar bulbs. Thus, the cellular caveolar coat had the capacity to deform the underlying membrane into a polyhedral structure.
Discussion
In this study we isolated and analyzed cavin and caveolin complexes that together form the caveolar coat and visualized native caveolae in vitrified cells by EM. A regular polyhedron emerged as the most likely architectural principle of the caveolar coat structure.
Our EM and SAXS analyses of Cavin1 60S complexes isolated from mammalian cells indicated that the cavin coats are homogenous in size, flexible, and net-like. Characterization of Cavin1 mutants showed that the 60S assembly is based on nonstructured polypeptide filaments joined by coiled-coil segments. The basic structural unit is a cavin trimer in which three subunits are joined by a parallel triple coiled-coil between the cc1 sequences (10, 21) . The cc2 domains, on the other hand, are responsible for connecting trimers with each other, perhaps by forming dimeric coiled-coils (Fig. 7A) . With the estimate of about 50-60 cavins per cavin complex (6, 17) , equivalent to ∼18-20 trimers, the overall organization of the 60S cavin coat corresponds to a polyhedral "nano-net" peripherally attached to the cytoplasmic surface of the caveolar invagination. The function of the net is not only to stabilize the microdomain by trapping caveolin complexes and other proteins in the meshes but also to help define and maintain the size, curvature, and hence the shape of the caveolar indentation or caveolar vesicle (9, 19) . Of note, regularity in the cavin coat also has been observed by Ludwig and colleagues who determined the periodic spacings between Cavin molecules (10) that match the polygon sizes of the 60S complexes determined in this study.
Our reconstitution experiments with isolated, preformed Cavin1 60S complexes and liposomes indicated that in an extended, membrane-associated conformation, Cavin1 can define the diameter of a vesicle to a range characteristic of caveolae. In the reconstituted vesicles, we observed a polygonal lattice structure where Cavin1 was closely associated with the membrane. In our experiments attachment occurred through interactions with PS, although in situ interactions with phosphatidylinositides and contacts with caveolin domains are also likely to contribute to the specific association with caveolae (9, 13, 21) . Given the gradual association of Cavin1 with nascent caveolin spots in the plasma membrane of cells over a period of 25 min (6), it is likely that Cavin1 initially binds as smaller building blocks that subsequently establish higher-order connections. In the reconstituted vesicles, however, the cavin complex was observed on the inside of the liposomes. Such a net-like coat can be formed inside liposomes as well as on the outside, and it should not change the imposed structure. In fact, a collapsed coat resulting from the detergent extraction-based purification protocol might be disentangled more easily if it is surrounded by lipid interactions than if it has only a single interaction with a liposome. Such a scenario of surrounding lipid interactions was favored by the observed tendency of PS-rich liposomes for spontaneous invaginations.
Analysis of Cavin1 mutants in which coiled-coil domains were individually removed showed that both domains cc1 and cc2 are essential for 60S complex formation and for Cavin1 association with caveolae. In the absence of cc1, no defined Cavin1 complexes were observed. Removal of cc2 resulted in heterogeneously sedimenting complexes most likely corresponding to trimers (21) . Cavin1 mutants devoid of cc2 still associated with PS-containing liposomes. Forming a protein layer on the liposome surface (3-4 nm thick), they caused membrane tubulation. Removal of additional positively charged sequences abolished PS-liposome binding, indicating that sequences flanking cc2 are required for Cavin1 binding to PS-containing vesicles.
A single, uniform structure for the cavin complexes is unlikely, given the flexibility of the cavin molecules, the presence of different cavin species, and caveolar deformability and plasticity (2, 33) . However, an underlying polygonal architecture is suggested by the profiles of caveolae in cells and reconstituted Cavin1 cages here revealed. Polyhedra provide the underlying principle in many biological structures in which spherical curvature is imposed by proteins. Examples range from viruses to clathrin, COPI, and COPII vesicles. It is not clear from our images exactly what type of polyhedra the Cavin1 complexes represent. However, the earlier reported stoichiometry of the involved proteins would fit best with a dodecahedron. With its 20 vertices, a regular dodecahedron would contain 20 cavin trimers and thus a total of 60 cavin molecules, precisely matching the estimated number of cavin molecules per 60S complex (6, 17) .
Our analysis of full-length CAV1 8S complexes showed that the caveolin oligomer exhibits a homogenous, disc-like shape with a diameter of 15-17 nm and a thickness of 4-5 nm. This shape and size is strikingly similar to the structure of Caveolin-3 complexes presented by Whiteley and colleagues (31) . Caveolin 8S complexes contain an estimated 7-14 caveolin molecules and assemble into higher-order 70S caveolar scaffolds by lateral interaction with each other and cholesterol. The dimensions of the 8S caveolin complexes suggest that they may occupy the empty faces of a dodecahedron formed by cavins. The fivefold flat faces in a dodecahedron could provide space for a total of up to 12 8S caveolin complexes and thus about 120-144 CAV molecules, again agreeing well with the previously estimated number of caveolin molecules per caveola (8) . The interaction between the Cavin and caveolin complexes would not necessarily be direct but might be mediated by lipids.
When native caveolae were imaged in plunge-frozen cells (i.e., omitting any artifacts potentially caused by staining or sectioning), the bulbous part of the caveolae exhibited a coat that appeared tightly appressed to the membrane. In the bulb region most of the in situ caveolae exhibited polygonal membrane profiles with five or six edges ∼30-40 nm in length and with a dihedral angle of 118°suggesting a 3D polygonal shape. Analysis of the reconstituted Cavin1 vesicles indicated that the Cavin1 coat alone can cause such polygonal shapes. In this context it is interesting that, when expressed in bacteria in the absence of cavins, caveolin generates vesicles of similar size and shape (34, 35) . Thus, the polygonal shape of caveolae is probably favored, generated, and maintained by both caveolins and cavins.
Our hypothetical, idealized model of the Cavin1 complex (Fig.  7) shows a regular dodecahedron. We place the cc1 coiled-coils of cavin trimers (Fig. 7A) at the threefold vertices (Fig. 7B) . The unstructured middle sequences, the cc2 coiled-coils, and the unstructured C-terminal segments generate thin, flexible filaments that connect the vertices in a net-like web (Fig. 7A) . According to our sequence predictions, Cavin2 and Cavin3, which make up about one-fourth of the cavins in caveolae (10) , lack the cc2 domain. Thus, although Cavin2 and Cavin3 are part of cavin trimers (10, 17) , they may resemble the Cavin1 Δcc2 mutant in being unable to connect neighboring cavin trimers with each other. Inclusion of Cavin2 and Cavin3 therefore will create breaks and Fig. 7 . A model for Cavin1 complex assembly and caveolar coat architecture. In our speculative model, Cavin1 monomers form trimers and then assemble into larger, interconnected oligomers (A) to form a dodecahedron around the caveolar membrane (B). Stoichiometry and estimated particle size of the Cavin1 60S complex suggest that caveolae contain one such complex each. Trimers formed by cc1 interactions are localized to the 20 vertices and are connected through dimeric cc2 interactions along the edges. The cc1 domains (red) form a parallel trimeric coiled-coil generating a 17-nm-long, relatively stiff rod-like structure with a PIP2 binding region about 2-3 nm from the C-terminal end of the coil (black asterisks). There is limited information for cc2 (blue), and we present dimeric, antiparallel interactions in our model. Contacts with the membrane are mediated by PS-binding through residues that flank and possibly include cc2 and by PIP2 binding to cc1 (black asterisks). In addition, there possibly are weak interactions with CAV1. The trimers are likely positioned parallel to the surface of the caveolar membrane and could generate the striations seen on the surface of caveolae in previous EM studies. The model leaves the sequences N-terminal to cc1 (amino acids 1-57) and C-terminal to cc2 (amino acids 285-392) free; they are external to the coat. Because they contain many potential phosphorylation sites, they likely are involved in the interaction with additional proteins. Cavin2 and Cavin3 (not depicted) may induce breaks in the polyhedron because they do not contain cc2 and thereby could allow the formation of the neck of caveolae. The 12 faces of the dodecahedron are likely to be occupied by discshaped caveolin oligomers that float in the underlying membrane and thus can interact with each other, lipids, and the appressed cavin coat. It is likely that the caveolin domain requires the cavin coat to induce and maintain the curvature and hence the invaginated shape of caveolae.
openings in the polygonal net. Hence they could be involved in the formation of the neck in caveolae residing at the plasma membrane. This notion is consistent with earlier reports linking the function of Cavin2 to the formation of the caveolar neck suggested by the observation that caveolae devoid of Cavin2 are shallow and have a half-dome rather than a flask shape (12, 19) .
It has been proposed that the striations seen on the surface of caveolae by EM after deep etching and platinum coating (28) are composed of cavin trimers (10, 17, 21) . The stripes could contain the trimeric cc1 coiled-coils that form rigid rods 16 nm long and 2.5 nm wide. We observed filaments with these dimensions both after negative staining and cryoET of the Δcc2 mutant Cavin1. If positioned parallel to the surface of the caveolar membrane, the filaments could indeed generate striation patterns (Fig. 7B,  Right) . The location of residues in the trimeric cc1 coiled-coil responsible for binding to phosphatidylinositide head groups (21) suggests that, to reach the phosphatidylinositol bisphosphate (PIP2) head groups, the rigid cc1 coiled-coils need to be tilted parallel to the membrane. Interestingly, Richter and colleagues detected a spiked coat instead of membrane-parallel striations extending from the caveolar surface into the cytosol (30) . Based on our model, Cavin1 trimers can form such cytoplasmic spikes when pointing away from the membrane (Fig. 7B , Middle). The occurrence of spikes vs. striations may be regulated by the phospholipid content in the caveolar domain.
In summary, our results support a model for caveolar architecture that is based on a constraining web composed of thin, flexible, unstructured cavin filaments. These filaments are connected by coiled-coils into a polygonal, net-like complex that provides stability to this functionally specialized membrane domain. Caveolin protein discs may occupy the faces of the dodecahedron, thus allowing lateral interaction, predominantly mediated by the lipid environment, between caveolin oligomers embedded in the membrane bilayer and the peripherally attached cavin coat.
Materials and Methods
Expression Constructs and Mammalian Cell Lines. Full-length human Cavin1 and CAV1 sequences were obtained from the ORFeome collection (V3.1 Open Biosystems) and were cloned into the Gateway-compatible destination vector pcDNA5/FRT/TO/SH/GW (36) . Cavin1 or CAV1 vectors for tetracycline-controlled expression of proteins N-terminally tagged with a streptavidin-binding peptide and hemagglutinin epitope tag (SH) were cotransfected with pOG44 FlpRecombinase Expression vector into Flp-In T-REx HEK293 cells (Invitrogen) to integrate SH-Cavin1 or SH-CAV1 stably into the genome via FRT sites. Transfected cells were selected with 100 μg/mL hygromycin, and expression of the target protein was assessed by immunoblotting and immunofluorescent imaging. SHCavin1/CAV1 HEK293 cells were grown in DMEM supplemented with 10% (vol/vol) FBS and 1% GlutaMAX (Invitrogen) containing 15 mg/mL blasticidin and 100 μg/mL hygromycin. SH-Cavin1/-CAV1 expression was induced by adding 1 μg/mL tetracycline 48 h before lysis. The coiled-coil deletion mutants Cavin1-Δcc1 (amino acids 59-92 deleted), Cavin1-Δcc2 (amino acids 240-284 deleted), and Cavin1-Δcc2L (amino acids 224-300 deleted) were generated by QuikChange deletion mutagenesis based on the SH-Cavin1 expression vector. Protein Purification and Velocity Gradient Centrifugation. Cavin1-expressing HEK293 cells were lysed in 1% TX100 in TNE buffer [20 mM Tris (pH 7.4), 250 mM NaCl, and 5 mM EDTA supplemented with Complete protease inhibitors (Roche)] for 30 min on ice and were passed five times through a 25-gauge needle. Insoluble material was removed by a 5-min spin at 1,100 × g to obtain postnuclear supernatants followed by a 15-min spin at 14,000 × g. Cleared lysate was loaded consecutively on 5-mL gravity-flow columns (BioRad) containing 100 μL Strep-Tactin Sepharose beads (IBA) per 5 mL lysate.
Beads were washed five times with 10 bed volumes of TNE-TX100 buffer followed by five washes in TNE without detergent. Proteins were eluted from Strep-Tactin beads with five bed volumes of 2.5 mM desthiobiotin in TNE. Samples were analyzed immediately or were stored at 4°C for not longer than 1 wk. CAV1 purification was performed as above but with all buffers containing 1.78% (wt/vol) octyl glucoside instead of TX100. Sucrose velocity gradient centrifugation was performed as described previously (6) . Eluate or lysate samples were loaded onto 10-40% (wt/vol) linear sucrose gradients prepared in TNE buffer and were spun in a rotor (SW41Ti or SW55Ti; Beckman Coulter) at 151,263 × g for 737 min (SW41) or at 237,020 × g for 255 min (SW55) at 4°C. Gradients were fractionated top to bottom, and fractions were analyzed by SDS/PAGE/Western blotting, Coomassie staining, or EM.
Liposome Preparation, Binding of Cavin1 to Liposomes, and Flotation. DOPC, DOPE, phosphatidylserine (DOPS), and cholesterol (Avanti Polar Lipids) at concentrations of 10-20 mg/mL in chloroform were dried under a stream of argon. Lipids were solubilized in TNE buffer at 1.25 mM and vortexed to emulsify the lipid mixture. Repetitive freeze-thaw cycles were performed (liquid nitrogen followed by 3 min at 37°C, repeated 10 times), and liposomes subsequently were passed through 80-nm cutoff membranes using an Avanti miniextruder. Liposome concentrations with the defined mol% of the respective lipid species were prepared as indicated for each experiment.
For binding assays, 25-75 μg purified Cavin1 was incubated with 200 μg liposomes (protein: lipid ratio between 1:10-1:2) in a final volume of 250 μL TNE buffer for 30 min at room temperature. Samples either were used directly for EM analysis or proteoliposomes were floated in sucrose density gradients. For the latter, the incubated mixture was adjusted to 40% (wt/vol) sucrose with 70% (wt/vol) sucrose in TNE, and a 500-μL sample was layered under a 5-35% (wt/vol) linear sucrose gradient in TNE. Centrifugation was performed in a SW55Ti rotor for 16 h at 151,693 × g at 4°C. Gradients were fractionated top to bottom. When indicated, Nycodenz was used as the density medium instead of sucrose, and 30-60% (vol/vol) linear Nycodenz gradients were prepared. Gradients were fractionated top to bottom, and fractions were analyzed by SDS/PAGE/ Western blotting, EM, or dot blot. For the preparation of samples of floated liposomes for cryoEM, fractions 4 and 5 were mixed together, and samples on Quantifoil R2/1 holey carbon-coated EM grids were plunge-frozen after washing of excess sucrose or Nycodenz twice on 500-μL droplets of buffer.
Antibodies. Rabbit polyclonal antibody (pAb) anti-Cavin1 was from Abcam (ab48824); mAb anti-HA was from Covance (MMS-101P); mAb anti-Flag (M2) was from Sigma; and rabbit pAb anti-CAV1 was from Santa Cruz (N20, sc-894). Alexa Fluor-conjugated secondary antibodies for immunofluorescence were from Molecular Probes, Invitrogen.
Fluorescence Imaging and Colocalization Analysis. Cells grown on coverslips were fixed using 4% (vol/vol) formaldehyde in PBS. Cells were permeabilized with 0.05% saponin in PBS with 1% BSA and were incubated with primary (1:1,000) and secondary (1:1,000) antibodies. Coverslips were mounted on slides using Immu-Mount (Thermo Scientific). Imaging was performed on an inverted scanning confocal microscope system (LSM 510 Meta; Carl Zeiss, Inc.). Colocalization of CAV1 spots with full-length or mutant Cavin1 or mutants was quantified using ImageJ. A threshold was applied to the CAV1 channel. Pixel coordinates of caveolar spots were extracted with the implemented Analyze particles function. The Cavin1 intensity at these pixels was divided by the total cellular Cavin1 intensity to present Cavin1 enrichment at caveolae.
Mass Spectrometry Analysis. Mass spectrometry analysis was performed on floated fractions 4 and 5 after incubation of Cavin1 60S complexes with liposomes and ultracentrifugation. MS/MS spectra were searched against the UniProt database in Mascot (37), with 1% false discovery rates (ions score cutoff superior to 20). As expected, the main constituent was Cavin1, with peptide coverage of 38%. Most importantly Cavin2, Cavin3, and caveolin peptides were not identified. Other protein hits were ribosomal proteins, heat-shock protein, and keratin contaminations.
Negative Staining and 2D Averaging. Δcc2 and Δcc2L particles and CAV1 8S complexes were negatively stained with 0.75% Uranyl formate, pH 5. Images were recorded on an FEI F12 microscope at 120 kV using an FEI Eagle Camera at a calibrated pixel size of 0.2 nm and on a JEOL1400-Plus transmission electron microscope using a Gatan OneView camera at a calibrated pixel size of 0.22 nm and defoci ranging from −0.75 to −1.5 μm. Images from the JEOL1400-Plus microscope were used for 2D averaging of CAV1 complexes. Four hundred fifty articles were picked using Boxer [part of EMAN (38) ] and were classified in Relion (39) within 25 iterations into eight classes.
CryoEM Grid Preparation of Cavin Samples. Protein complexes were applied to copper EM grids with holey carbon support films (Protochips C2/1) after a glow-discharge of 30 s. Vitrification was performed using a liquid nitrogencooled ethane/propane mixture and single-side manual blotting (40) .
CryoEM and CryoET Data Collection. CryoEM imaging was performed on vitrified specimens at liquid nitrogen temperature under low-dose conditions on either a FEI F30 microscope at 200 keV using a Gatan UltraScan 4000 CCD camera or a FEI F30 Polara microscope at 300 keV equipped with a Gatan 964 Quantum energy filter operated with a 20-eV-wide energy-selecting slit centered on the zero-loss peak and a K2 summit direct detector at calibrated pixel sizes, ranging from 0.46 nm to 0.71 nm (see the legends of Figs. 1, 2, 4, and 6 ). For cryoEM projection images the total dose was kept below 15 electrons/Å 2 . Tilt series were recorded with 2°to 3°increments covering an angular range from −48/50°to +48/50°using SerialEM (41). The total electron doses for tilt series were kept between 60 and 80 electrons/Å 2 . K2 Summit images were acquired in counting mode at approximately 10 electrons per pixel per second at 0.4 frames per second in dose-fractionation mode. On-the-fly frame alignment was performed using the SerialEM combined filter.
Cell Preparation and Cellular Tomography. Human foreskin fibroblasts were grown directly on the holey carbon film of gold grids in DMEM and 10% (vol/vol) FCS for 24 h and then were vitrified using a liquid nitrogen-cooled ethane/propane mixture and single-side manual blotting as previously described (40) . CryoET of whole vitrified cells was performed as described above, at 300 keV in low-dose mode using a F30 Polara electron microscope (FEI). Images were recorded at nominal magnifications of 61,000× and calibrated pixel sizes of 0.71 at the specimen level. Tomographic tilt series were collected at defoci of −3.5 μm to −5 μm. The total electron doses for the tilt series were kept between 80-90 electrons/Å 2 .
Image Processing and Visualization. Tomograms were reconstructed and visualized as reported previously (42) . To improve visualization, tomograms and 2D projection images were binned 2× or 4× for direct detection device (DDD) images acquired at high magnification and were low-pass filtered to remove high-frequency noise. Dimensions measurements were performed in Amira (FEI) and ImageJ (43) . SAXS Experiments. SAXS measurements of purified Cavin1 homo-oligomeric complexes were performed at the BM29 beamline in the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Data were collected at 20°C, a wavelength of 0.0995 nm, and a sample-to-detector distance of 1 m. 1D scattering profiles were generated, and blank subtraction was performed by the data-processing pipeline available at BM29 at the ESRF. Guinier analysis and pair-distance distribution functions were calculated using the programs Primus and GNOM (44) . Molecular weights were estimated based on ref. 45 .
